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Introduction

20
This study focuses on the estimation of ductility and overstrength factors, i.e. the two components of 21 the available force reduction factor (Kappos 1999) , for concrete bridges. This factor, which is the ratio 22 of the force that the bridge would develop if it responded elastically to the design seismic action to the 23 design base shear (V el /V d ), is called response modification factor (R) in the US (AASHTO 2010) and 24 behavior factor (q) in Europe (CEN 2005) , and is an important design parameter. The maximum 25 available value of q-factor for an (already designed) structure can be defined as the ratio of the 26 maximum horizontal force developed by the structure prior to failure to the design base shear (V u /V d ),
27
and provides a meaningful measure of its safety. Evaluating this ratio is a problem of particular 28 relevance for practice, especially in the case of important bridges or bridges with irregular and/or 29 unconventional configuration, and also in the verification and calibration of code provisions. 1 Professor, Civil Engineering Department, Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece 2 PhD Candidate, Department of Civil Engineering, Aristotle University of Thessaloniki, Greece 3 Post-doctoral Researcher, Department of Civil Engineering, Aristotle University of Thessaloniki, Greece based on nonlinear static (pushover) analysis of the entire bridge, wherein pushover curves are derived 32 for the bridge in its longitudinal and transverse direction. Although a number of previous studies 33 include pushover curves for bridges, derived using single mode or multi-mode procedures (Kappos et 
46
In the present study pushover curves are derived for a number of typical bridge typologies not only for their longitudinal and transverse direction but also for an arbitrary angle of incidence of the seismic 
54
For bridges of the first category, the derived pushover curves are idealized as bilinear ones and the 55 available q-factor is estimated as the product of two components, a ductility-based one, and an 56 overstrength-based one (q=q μ •q s ). The overstrength factor (q s ) is defined as the ratio of yield strength 57 to the design base shear, while the ductility factor (q μ ) is derived as a function of the available 58 displacement ductility of the bridge. For bridges of the second category, wherein the deck rests on 59 elastically responding piers through elastomeric bearings, a different procedure is proposed herein, 60 since no meaningful bilinear pushover curves can be derived. Hence the concept of equivalent q-factor 61 (q eq ) is introduced; this factor is defined as the ratio of the spectral acceleration (corresponding to the 62 pertinent predominant period of the bridge) for which failure occurs, to the design spectral 63 acceleration.
64
The foregoing methodology is then used to answer the very legitimate ( 
111
By definition, the value of the q-factor for a specific structure is given by the ratio of elastic force 112 demand (V el ) to the design force (V d ), i.e. (see Figure 2) 113
114
where (S a ) d is the design spectral acceleration corresponding to the fundamental period of the structure 115 and the indices 'el' and 'in' refer to the elastic spectrum and the corresponding inelastic spectrum,
116
according to which the design seismic actions are determined (Kappos 1991 (Kappos , 1999 . The two 117 components of q can be estimated as discussed in the following.
118
The overstrength factor (q s ) is usually defined as the ratio of the yield strength to the design base 119 shear of the structure 120
where V y is the (conventional) yield strength and V d is the design base shear of the structure. In the 122 absence of details of the design of the bridge (which in most cases addressed here was carried out 123 using response spectrum modal analysis) the design shear can be estimated from
where m tot the total mass of the bridge and S ad (Τ) the pseudo-acceleration corresponding to the 126 fundamental period of the bridge, taken from the design spectrum (that includes q); equation (3) 
144
The ductility factor, q μ , is derived as a function of the available ductility of the bridge, which is 145 defined as the ratio of the ultimate limit state displacement (δ u ) to the yield displacement (δ y ), backfill system is small, and the second stage after closure, during which a significant redistribution of 164 seismic forces between the piers and the abutment-backfill system takes place. In this case the 165 pushover curve has a quadrilinear shape ( Fig. 1(b) ) and the additional parameter that has to be defined 166 is the displacement at failure of the abutment-backfill system, δ u '. Since it is common, especially in 
175
Alternatively, for these bridges, non-linear response history analysis can also be applied to derive 176 dynamic pushover curves. Regarding the use of multi-modal pushover curves it was found that they failure, respectively, of seismic links (Fig. 6(b) ).
209
For bridges whose deck rests on elastic piers through bearings, a different procedure for evaluating 210 the force reduction factor is proposed herein, since no meaningful bilinear pushover curves or ductility 211 factors can be derived in this case. Hence the concept of equivalent q-factor (q eq ) is invoked, first 
=(S (T))/S (T)) q q =S (T))/S (T) 
225
Four of the selected structures belong to the first category defined in the previous section
226
(inelastically responding piers), two to the second one (deck supported through elastomeric bearings 227 on elastically responding piers) and one is a 'mixed' type of structure, combining features of both 228 categories. The main characteristics of the selected bridges are given in Fig. 3 .
229
The pushover curves derived using analysis with SAP point hinge models as mentioned in the 230 previous section, were idealized as bilinear curves (Fig. 1) 
243
Static pushover curves for some of the bridges were also derived for various angles of incidence of 
258
For bridges of the first category (yielding piers), the available q-factor (in each direction) was 259 estimated as the product q μ •q s , whereas for bridges of the second category the previously described 260 concept of the equivalent q-factor is utilized, defined from equation (8). All q-factor values are 261 reported in Table 3 ; recall that one bridge (G2) belongs to both categories in its longitudinal direction.
262
Some comparisons with code-specified values
263
The estimated available force reduction factors for the typical bridges studied here can be compared . For the studied bridges in this category a value of 3.5 would be appropriate (α s ≥3 for since minor discrepancies exist between Eurocode 8 and the previous Greek Code (for instance, q=3.5 274 applied for α s ≥3.5, in lieu of 3). Notwithstanding the aforementioned minor discrepancies, the fact that 275 the estimated q-factors (Table 3) vary from 4.2 to 10.1 in the longitudinal direction and from 3.7 to 276 11.6 in the transverse direction, is a clear indication that the code-prescribed value is not only feasible 277 but in several cases is actually an underestimation of the actual energy dissipation capacity of the 278 bridge, which is the result primarily of its ductility, but also of its overstrength.
279
For the bridges on elastomeric bearings q=1 was used in their design, hence the values reported in 280 the lower part of Table 3 simply indicate that the studied bridges were capable of resisting without 281 failure earthquake actions about four times higher than the design one.
282
Comparisons with other codes should be made with caution, as several differences exist in the 
323
For bridges with yielding piers of the column type, for which the influence of higher modes is 324 significant in their transverse direction, it is recommended to use the multi-modal pushover curves 325 instead of the standard pushover curves to estimate the 'actual' available q-factor of the bridge.
326
Alternatively, dynamic pushover curves may also be used. On the other hand, when the first mode is 327 dominant (this is typically the case in the longitudinal directions of the bridge) the available q-factor 328 can be calculated using the standard (single-mode based) pushover curves since the difference 329 between the static and dynamic pushover curves is not significant. Importantly, if standard pushover is 330 used for estimating q-factors in the transverse direction, the resulting values are conservative.
331
The influence of the angle of incidence of the seismic action on the pushover curves and the 332 derived q-factors was also studied herein. Table 2 . Characteristic bridge displacements, available ductility ratios, overstrength and ductility factors for Pedini bridge, for all angles of incidence. Table 3 . Available force reduction factor (q) for the selected bridges. 
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